In this paper we have presented results on spinel nano-materials considering a collection of techniques, which is considered today a state-of the-art in the field of catalyst research (characterization and study of structure/reactivity relationship). Through a selected collection of techniques, experimental as well as theoretical, we illustrate this setup of techniques on the characterization of spinels (ZnAl 2 O 4 ) through XAS and by wide angle anomalous X-ray scattering (AWAXS). The effect of Al/Zn substitution was investigated as well and related Co/Al spinels were investigated on their catalytic properties using DFT. The catalytic properties towards NO, O 2 , and NH 3 are explored for the very first time on the Co/Al spinel surfaces, and possible reaction mechanisms proposed.
Introduction
As underlined by G. Ertl [1] , it is after a report of J.W. Doebereiner regarding the reaction of hydrogen gas with oxygen on finely divided platinum powder that Berzelius defined this phenomenon as "catalysis", rather in order to introduce a classification than to offer a possible explanation. In fact, the definition of "catalysis" has been given by W.
Ostwald [2, 3] : "A catalyst is a substance which affects the rate of a chemical reaction without being part of its end products". A significant breakthrough has been then performed by 1912
Nobel prize winner Paul Sabatier [4] when he suggested the presence of more or less stable reaction intermediates. J.C. Vedrine [5, 6] gives an elegant definition of the concept designated as "Sabatier principle". When a reactant is adsorbed on a catalyst surface, its energy of interaction should be strong enough for activation but not too strong to permit products to be desorbed (volcano curve of activity vs energy of adsorption). Such general explanation of catalytic phenomena based on the idea of the "temporary formation of unstable chemical compounds which, serving as intermediate steps in the reaction, determine its direction and increase its velocity".
Nowadays, many heterogeneous catalysts used in chemical industry consist of oxides.
As underlined by J.C. Vedrine et al. [5, 6] , oxides are semiconductors or insulators and are used as active phases, as supports for active phases or even as both. Such catalysts exhibit redox properties (e.g. usually for transition metal ion oxides [7] ), or acid-base properties (e.g.
for MgO, SiO 2 -A1 2 O 3 , zeolites [8] ).
In order to describe catalytic reactions and active sites, a first step is given by a determination of the surface structure of the catalyst under reaction conditions. Such approach has to be completed by a fine description of the reaction mechanism, including the way the reactant molecules are adsorbed and activated. Numerous techniques, experimental and computational [9, 10] , have been developed to depict at the atomic scale the surface structure of catalysts. For example, spin-echo mapping technique is a powerful technique for determining the oxidation state of V through the chemical shift of 31 P NMR peak [11] . The complete set of data shows clearly the complexity of transformations in VPO materials during preparation, activation and reaction, and leads to meaningful structure-activity relationships [12] .
In this contribution, we would like as a first example to assess operando characterization of oxides through synchrotron radiation related techniques. For that purpose, we consider the NO decomposition process on nanospinels ZnAl 2 O 4 . As underlined by F. Garin [13] , research
Page 4 of 33
A c c e p t e d M a n u s c r i p t
Special Issue of the journal Applied Catalysis A "Nanocatalysis science: preparation, characterization and reactivity" 4 4 on such catalytic reaction starts in the 1960s and corresponds to the emergence of the notion of the environment quality. We start this contribution by recalling some basic notions regarding the emissions of CO, HC, NOx and particulates caused by traffic emissions, then we will present the different catalytic systems which have used different very strict legislation appeared, reduce the nitric oxide concentration in exhaust gas typically averages 600-1200 ppm, depending on the engine combustion conditions, diesel or gasoline, and on the driving conditions. In the second part we present complementary computational results. In our group DFT studies have been conducted on a broad set of systems such as MgO [14] , SiO 2 [15] [16] [17] [18] [19] [20] , TiO 2 [21] [22] [23] , V 2 O 5 [24] , CeO 2 [25] , Al 2 O 3 [26] , zeolites [27] etc. In this paper we present, results on spinels, on reactions related to the formation of nitric acid.
Generalities
Nowadays, significant characterization of catalysts made of nanoparticles is a reality [28] [29] [30] [31] [32] [33] [34] . Among the different techniques which can be used such as high-resolution transmission electron microscopy [35] [36] [37] or X-ray photoelectron spectroscopy [38] , X-ray absorption spectroscopy (XAS) [39, 40] using either soft (K edge of light elements as well as L edge of 3d transition metals) [41, 42] or hard X-rays (K edge of 4d transition metals as well as L edge of 5d transition metals) [43, 44] play a pivotal role not only in catalysis [45] [46] [47] [48] [49] [50] [51] but also in material science [52] [53] [54] [55] [56] [57] [58] . This is mainly due to the opportunity to combine at the very same time this technique specific to synchrotron radiation with other more classical spectroscopies such as Infrared [59, 60] , Raman [61, 62] , UV visible [63] spectroscopies or other techniques such as mass spectrometry with high time resolution [64] . Different breakthroughs have been also performed by combining XAS and X-Ray diffraction in heterogeneous catalysis [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] and more precisely on spinel [78] . Such approach allows the chemist to collect information on the catalytic reaction through the metal or the cations (through XAS) and through the molecules which interact at the surface of these nano-objects (through vibrational spectroscopies or through soft XAS [79] ) at the very same time and on the very same catalyst. Note that such structural description is performed while the activity and selectivity of the reaction is measured [80, 81] . Thanks to the different technological developments which have been performed on the optics and the detection, data acquisition can be done now at the milli [82, 83] or at the microsecond [84, 85] scale. Note that this technique has a major drawback, Exafs in unsensitiv to polydispersity [86, 87] .
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From a fundamental point of view, some questions arise regarding the possibility to establish a significant relationship between the catalytic reaction (its activity and its selectivity) and the structural parameters which can be determined through XAS data.
Regarding the kinetic, F. Thibault-Starzyk et al. [88] have pointed out that an acquisition time of milliseconds may not be relevant to explain the catalytic behaviour of a catalyst. Moreover, we have to underline that numerical simulations of XAS data is not easy when nano-objects are taking into account. We have already discussed the case of nanometer scale metallic particles [89, 90] and we will see in the next paragraph that the same difficulty exist for nanometer scale oxide particles. All these difficulties call for at the same time a critical discussion of the experimental data and a need to use theoretical tools. It is quite clear now that only such approach which combines experimental data coming from very different techniques collected while the chemical reaction occurs and theoretical simulations [91] using for example the DFT formalism will lead to a significant understanding of complex chemical reaction related to catalytic reactions.
Characterization of Nanomaterials through XAS
An elegant way to understand why special attention has to be paid to XAS data analysis of nanomaterials is given by the golden rule [92] . From theoretical considerations, W, the probability per unit time for a transition from an initial state │i> to a final state │f> by the action of a perturbation (here, it is an X-ray photon) is equal to 2 πh│<i│H│f>│ 2 (E f ), where (E f ) is the density of final state. The fact that the density of state constitutes a physic parameter at the core of the peculiar properties of nanomaterial indicates clearly that special attention has to be paid on the data analysis procedure [93, 94] .
In the case of nanometer scale metallic clusters [95] [96] [97] , we have already shown that a strong correlation exists between the shape of the absorption edge [98] and the size of the cluster through ab initio calculation [99, 100] . Thus, to explain the variations of the shape of white line intensity present at the absorption edge, it is not necessary to assume a charge transfer. Such properties exist also with oxide materials, and numerical simulations have been showed significant differences between simulations obtained for CoO bulk and ones corresponding to the 13Co6O clusters [101] . A c c e p t e d M a n u s c r i p t
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A careful analysis of the X-ray absorption spectra indicates that significant differences exist between the reference compound and the nanomaterial. At the K edge, the amplitude of the first peak of the catalyst is clearly lower than the one associated with the reference compound. At the L edge (Figure 3 facing the commercial development of these catalysts for the conversion of coal, biomass, and natural gas to liquid fuels as alternative resources to crude oil.
Recently, G. Jacobs et al. [120] have assessed the use of synchrotron radiation techniques to confront issues associated with cobalt [121] [122] [123] [124] [125] and iron catalysts. These authors underlined that there has been an important spike in publications in the area of Fischer-Tropsch synthesis regarding the application of synchrotron radiation techniques which appear as major tools in catalysis. Among the different breakthroughs which have been done, these authors quote the manner in which cobalt catalysts reduces (i.e., a two-step reduction process by way of Co 3 O 4 , CoO, and Co 0 ), the manner in which iron catalysts undergo carburization, the influence of promoters on cobalt reduction in hydrogen and iron oxide carburization and also the local atomic structure of common promoters in Co catalysts.
Opportunities offer by wide angle anomalous X-ray scattering (AWAXS)
Even for the ZnAl 2 O 4 spinel systems which can be considered quite simple because only the T d geometry has to be considered for Zn 2+ cations, different structural parameters have to be considered. For example, we have to assess the size and the morphology of A c c e p t e d M a n u s c r i p t
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Different investigations have already been dedicated to heterogeneous catalysis [127] [128] [129] [130] , AWAXS experiments being a more easy way to consider such structural parameters [131] [132] [133] [134] [135] [136] [137] [138] . This technique is based on the energy dependence of the atomic scattering factor, f(k,E), near an absorption edge. As a simplification, this parameter is expressed in electron units as f(k,E)=f 0 (k) + f'(E) + if''(E) where k (k = 4π sinθ/λ) bisects the angle between the incident and scattered directions and also defines the scattering plane. f 0 (k) (which has evaluated by Cromer and Mann [139] ) is the energy independent part of f(k,E) the amplitude of the radiation coherently scattered by a single atom while f'(E) and f''(E) (which have been calculated by S. Sasaki [140] ) are respectively the real and imaginary energy dependent correction. The success of the AWAXS technique [141] [142] [143] comes its ability to estimate the scattering intensity of nanometer scale clusters though the Debye equation [144] . Assuming a random (powder) arrangement of the structure with respect to the incoming X-ray beam, the intensity of coherently scattered X-rays is given by:
In this equation, I(k,E) is the intensity from coherent scattering, the sums over i and j are over all the atoms, R ij being the distance between the atom i and j and f i and f j being the atomic scattering factors. Such Debye equation leads to figure 4 on which we have reported the set of calculations which allows us to estimate the variation in scattered intensities in the case of a Al/Zn substitution.
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Special Issue of the journal Applied Catalysis A "Nanocatalysis science: preparation, characterization and reactivity" 10 As we can see on figure 4 , the experimental results can be accurately reproduced for x = 0.2, especially the features at (111), (220) and (311). The complete set of data collected on this catalytic system seems to describe a defective spinel structure in Zn 2+ and O 2-around the zinc atoms and underline the importance of vacancies. Now, thanks to the increase ability of beamtime on different synchrotron centres as well as the technical developments of optics and detection, such approach which combines XAS and AWAXS has been used to investigate different catalytic systems [132] [133] [134] [135] [136] [137] [138] 145] .
M a n u s c r i p t ranked as one of the most selective catalysts. Co 2 AlO 4 has been chosen to represent the family of the spinels in the extensive investigation of the reaction (cation nature, oxidation state, and position). Choice of surfaces: after studying the stability of the low index surfaces: (100), (110) , and (111), the most stable one (100) has been chosen for the adsorption studies. For CoO (rock salt structure), the choice of the (100) face is obvious.
Computational details
Every geometry optimization (relaxation) and minimization of the total energy has been performed using the VASP code [147, 148] . The energy calculated in VASP is the total energy, which is directly related to the thermodynamics, although at 0 K. In the periodic DFT framework used, the Kohn-Sham equations have been solved by means of the generalized gradient approximation (GGA-PW91) proposed by Perdew and Wang [149, 150] . A brief comparison of the two levels of calculation may be found looking at Thermodynamics of adsorption and co-adsorption involving the NH x O y species
To our knowledge, the study of the surfaces and bulk of the Co/Al spinels has not been published before. However, some theoretical studies using periodic DFT have already been published on related topics: adsorption of CO on Co 3 O 4 spinel [151, 22] and reactivity of Cu 2 AlO 4 towards ammonia [23] .
Concerning the reaction paths, no studies on the adsorption of NH 3 on oxides were found in literature, in particular none on a Co/Al spinel type surface. An overview of the experimental and theoretical data when available can be found in [19] .
The topology and electronic structure surfaces For all the spinels studied, the most stable surface was found to be the (100) surface (see Table 1 , annex), confirmed by experimental findings [24] . In the following, we assume that the adsorption take place on the terraces of this surface. 
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The adsorption of reactants and products on the most stable surfaces
We have focused on the interaction/adsorption of NH 3 , O 2 , and NO with the substrate, which should be present in the reaction. Different reaction mechanisms can be considered, considering co-adsorption of the reactants i.e. the so-called Langmuir Hinschelwood mechanism or the interaction of one of the reactants coming from the gas or liquid phase, so-A c c e p t e d M a n u s c r i p t 
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Special Issue of the journal Applied Catalysis A "Nanocatalysis science: preparation, characterization and reactivity" 17 The crystals where the adsorption is calculated to be strong are those expected to be poorly reactive from experiment [25] . Since NO adsorption is the strongest, it might decrease the reactivity. It has been suggested [19] that there is an optimal range (window) for the adsorption strength of O 2 . It has been found that CoO is less selective for the production of production. The best surface should not adsorb O 2 too strongly, but should be reactive enough to sufficiently adsorb NH 3 . The clue of the reaction is to find the optimum in O 2 affinity with the catalyst surface.
The spinel with the optimum O 2 heat of adsorption, due to the competition with NO, is expected to be Co 2 AlO 4 . NO is found to chemisorb too energetically to the substrate and act as a poison to the catalyst (See Table 2 ). CoO is not appropriate since O 2 poorly adsorbs and It is not obvious that strong adsorption is necessary. A weak adsorption might be more promising for reactivity. The rate determining step might differ from the adsorption process.
The effect of co-adsorption is studied in the next part. Finally, it should be recalled that for this study on the (100) surface, we have made the assumption that reactions occurred on terraces of the most stable surface. Steps, edges and other surfaces might be important favoring dissociation of adsorbates. In summary the adsorption mode of lowest energy correspond to the molecular adsorption (no dissociation). The adsorption trend: NO> O 2 > NH 3 can be observed on all the surfaces studied. Concerning the adsorbates, the adsorption strengths decreases as following:
It is interesting to note that NH 3 does not dissociate on the surface (associative adsorption), and that the "surface oxygen" is poorly reactive, whereas the Co Td is the most reactive site.
Considering only the oxygen atom already present on the naked surface and excluding adsorbed oxygen, therefore we also call them lattice oxygen. From these results it is obvious that CoAl 2 O 4 and Co 3 O 4 have too high adsorption energies; NH x species will reside too much time on the surface and react to N 2 . Co 2 AlO 4 is expected to be the best catalyst, having intermediate adsorption energies for O 2 and weak for NO. The above mentioned spinels have the lowest O 2 affinities of the spinels considered, however having a relative high affinity for NH 3 . CoO spinel is found to have a too low affinity for O 2 and NH 3 . Concerning the adsorption, the behavior of the different spinels is expected to be comparable. Important here, is that the lattice oxygen does not participate in ammonia conversion and its oxidation to NO.
Finally, the search for the optimal catalytic behavior (in practice) could not simply be related M a n u s c r i p t (Table 5) . However, the effect is much more pronounced for the (100) Co 2 AlO 4 surface. The energy values in Table 5 The first intermediates (b) and (e) (on figure 9) correspond to one N-H cleavage resulting from an H transfer. If the transfer is made on the closest O atom forming the peroxo-group (e), the cost is important. The transfer to the second one leads to a situation of much lower energy (b). It also marks a significant progress for the reaction; indeed, the peroxo cleaves and one NO bond is formed. The O-NH 2 -species is adsorbed by two bonds as already found on vanadium oxides (figure 6c in [153] ). M a n u s c r i p t M a n u s c r i p t
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